The single-pass transmembrane domains (TMDs) of the syndecan family of cell surface adhesion molecules have been implicated in functional protein-protein interactions. Although each paralog contains a conserved GxxxG dimerization motif, we show here that the syndecan-1 TMD dimerizes weakly, the syndecan-3 and syndecan-4 TMDs each dimerize strongly, and the syndecan-2 TMD dimerizes very strongly. These markedly different levels of selfassociation suggest that paralog TMDs play different roles in directing functional interactions of each full-length syndecan family member. We further show that each syndecan TMD forms detergent-resistant heteromeric complexes with other paralogs, and that these interactions exhibit selectivity. Although heteromeric interactions among full-length syndecan paralogs have not been reported, we argue that the distinct hierarchy of proteinprotein interactions mediated by the syndecan TMDs may give rise to considerable complexity in syndecan function. The demonstration that TMD homodimerization and heterodimerization can be mediated by GxxxG motifs and modulated by sequence context has implications for the signaling mechanisms of other cell surface receptors, including the integrins and the erbB family.
The single-pass transmembrane domains (TMDs) of the syndecan family of cell surface adhesion molecules have been implicated in functional protein-protein interactions. Although each paralog contains a conserved GxxxG dimerization motif, we show here that the syndecan-1 TMD dimerizes weakly, the syndecan-3 and syndecan-4 TMDs each dimerize strongly, and the syndecan-2 TMD dimerizes very strongly. These markedly different levels of selfassociation suggest that paralog TMDs play different roles in directing functional interactions of each full-length syndecan family member. We further show that each syndecan TMD forms detergent-resistant heteromeric complexes with other paralogs, and that these interactions exhibit selectivity. Although heteromeric interactions among full-length syndecan paralogs have not been reported, we argue that the distinct hierarchy of proteinprotein interactions mediated by the syndecan TMDs may give rise to considerable complexity in syndecan function. The demonstration that TMD homodimerization and heterodimerization can be mediated by GxxxG motifs and modulated by sequence context has implications for the signaling mechanisms of other cell surface receptors, including the integrins and the erbB family.
homodimerization ͉ heterodimerization ͉ selectivity S yndecans are cell surface receptors that participate in cellcell and cell-matrix interactions critical to animal development. In mammals, where four syndecan paralogs exist (1) (2) (3) (4) (5) , syndecan expression is tissue-specific and developmentally regulated, with most cells expressing one or more syndecans (6, 7) . Syndecan-1 plays roles in early development (8) (9) (10) and wound healing (11) , and syndecan-2 participates in neuronal dendritic spine morphogenesis (12) , angiogenic sprouting (13) , and Xenopus left/right axis formation (14) . Syndecan-3 is involved in skeletogenesis (15) , and syndecan-4 participates in the formation of integrin-containing focal adhesions (16) . Although our knowledge of the mechanisms underlying syndecan biology is still sparse, it is already clear that understanding syndecan function has implications for treatment of cancer, wound healing, and viral and bacterial pathogenesis (reviewed in ref. 17) .
Each syndecan contains an ectodomain, a transmembrane domain (TMD), and a short, C-terminal cytoplasmic domain. Syndecan family members interact with a wide array of partners: the divergent heparan sulfate-modified ectodomains bind matrix proteins and growth factors, and the cytosolic domains bind cytoskeletal proteins and PDZ-domain proteins through the C1 and C2 regions (reviewed in refs. 18 and 19) . Syndecan TMDs are also thought to make functional interactions: some functions of syndecan-2 and syndecan-4 depend on self-association through their TMDs (20) , and the TMD of syndecan-1 makes interactions that lead to the initial spreading response of Raji cells (21) . The first evidence of TMD involvement in syndecan protein-protein interactions was the attribution of detergentresistant noncovalent oligomerization of the syndecan-3 protein to the TMD (plus a four-residue juxtamembranous sequence), which led to the hypothesis that syndecan-3 exists as a dimer in the cell membrane (22) . We seek to understand how the sequences of the syndecan TMDs give rise to interactions that underlie their biological functions.
Although TMD homodimerization has been implicated in syndecan function, the interaction strengths of the syndecan paralog TMDs have not been determined relative to one another, or by comparison to other TMDs known to self-associate (23) . Here, we measure the association tendencies of the syndecan TMDs in both membranes and detergents, independent of the ectodomain and endodomains found in the native proteins.
Results from a bacterial cell membrane assay, TOXCAT (24) , agree closely with the oligomerization behavior of staphylococcal nuclease (SNase) fusion proteins (25) in detergents, providing a rank order of stability of human syndecan TMD selfassociation. Surprisingly, the TMDs of the four paralogs self-associate to very different degrees, and syndecan-2 associates more strongly than the well characterized TMD of glycophorin A (GpA) (24) .
Based on the sequence similarity among the human syndecan paralog TMDs, including a conserved GxxxG dimerization motif, we hypothesized that syndecan paralogs might be able to make heteromeric interactions through their TMDs. Such interactions could have functional significance because multiple syndecans are often expressed within the same cell; for instance, all four paralogs are found in cells of the vasculature (26) , and vascular phenotypes result from altered expression of three syndecans (reviewed in ref. 19 ). We show that each paralog TMD can form stable heteromeric complexes with other paralog TMDs, although not all pairwise interactions are strongly favored. The range of homodimerization interaction strengths and the selectivity of heteromeric complex formation support a role for paralog-specific protein-protein interactions by the TMDs.
Results
The Syndecan Paralog TMDs Self-Associate to Different Extents. The four syndecan paralog TMDs each contain a GxxxG motif thought to mediate homodimerization (Fig. 1A) . We tested this idea in bacterial membranes by using the TOXCAT assay (24) , in which association between TMDs drives expression of the reporter gene chloramphenicol acetyltransferase (CAT) (reviewed in ref. 23 ). The TXSyn2 construct drives CAT levels to twice that of the positive control, TXGpA (24) , which carries the strongly dimerizing GpA TMD (Fig. 1C ). TXSyn3 and TXSyn4 also cause strong CAT expression, albeit slightly less than TXGpA. In contrast, the TXSyn1 construct gives low levels of CAT, about one-quarter that of the TXGpA control. Insertion of the fusion proteins into the membrane with the correct topology is confirmed by complementation of the malE phenotype of Escherichia coli NT326 cells (Fig. 1D) (24, 27) . Western blots show that all ToxR(TMD)maltose binding protein (MBP) fusions are expressed at similar levels (Fig. 1C) , so the different CAT levels can be interpreted to arise from differences in TMD self-association in the E. coli inner membrane. We conclude that the syndecan-2 TMD dimerizes more tightly than the TMDs of syndecan-3 or syndecan-4, and that the syndecan-1 TMD associates weakly. Note that the juxtamembranous residues initially implicated in syndecan-3 dimerization (22) are not required for dimerization in TOXCAT.
Syndecans have been reported to form detergent-resistant oligomers, and the TMDs are implicated in this self-association (20, 22) . Fusion proteins with SNase have been used to delineate the regions of GpA (25) , phospholamban (28) , and BNIP3 (29) that contribute to detergent-resistant oligomerization of these proteins. SNase/TMD fusion proteins can be readily expressed at high levels and purified in nonionic detergents, and the SNase domain shows little or no tendency to self-associate (25) . Therefore, to test whether the TMD was sufficient for self-association in detergent micelles, we subcloned the TMDs and flanking regions of the four human syndecan paralogs as SNase fusions (Fig. 1B) , purified the expressed proteins, and tested the resulting constructs for association in SDS micelles by electrophoresis. On SDS/PAGE (Fig. 1E) , the SNSyn2 fusion migrates as Ͼ90% dimer with trace amounts of monomer, SNSyn3 migrates as Ϸ50% dimer, and SNSyn4 migrates as Ϸ60% dimer. [The SNGpA fusion forms Ϸ85% dimer under these conditions (30) .] In contrast with the other SNase syndecan TMD fusions, SNSyn1 migrates as Ͼ90% monomer. We note that when the anomalous migration of the syndecan-1 core ectodomain (31) is considered, the syndecan-1 core protein migrates as a monomer on SDS/ PAGE with no indication of TMD-driven detergent-resistant dimerization (3) .
Together, these measurements establish a hierarchy of selfassociation strengths for the four human syndecan TMDs in biological membranes and detergents: syndecan-2 shows very strong dimerization, syndecan-3 and syndecan-4 display strong dimerization, and syndecan-1 shows only weak self-association tendencies. Characterizing all four paralog sequences under the same conditions demonstrates that despite the conserved GxxxG motif present in all four human syndecan TMDs, the intrinsic self-association tendencies of the syndecan TMDs vary tremendously from one paralog to another.
With SNSyn3, we observe the formation of a small fraction of trimers and tetramers in detergents. The significance of such species is not clear: the TMD of integrin ␣ IIb forms dimers on SDS/PAGE, and also forms significant trimers at high concentrations (32), whereas SNase/TMD fusions of GpA (25, 29) and BNIP3 (25, 29) show strong dimer bands on SDS/PAGE and essentially no higher-order species. The possibility that the syndecan-3 TMD supports biologically relevant higher-order interactions is intriguing, especially because the other syndecan TMDs do not show higher-order complexes. Our findings suggest that the higher-order species previously noted for the syndecan-3 full-length protein under conditions of SDS/PAGE (22) are driven by the TMDs, but the involvement of nonphysiological antiparallel contacts cannot be ruled out. Because TOXCAT cannot distinguish between dimers and higher-order species, we cannot confirm the presence of higher-order syndecan-3 TMD oligomers in membranes. Further experiments are therefore needed to establish the significance of syndecan-3 TMD trimers and tetramers.
Mutations in the Conserved GxxxG Motifs Abolish Syndecan TMD
Oligomerization. To determine the importance of the GxxxG dimerization motif (33, 34) in driving self-association of the syndecan TMDs, we mutated each motif glycine ( Fig. 2A ) and determined the effects on oligomerization in bacterial membranes ( Fig. 2B ; TOXCAT) and detergents ( Fig. 2C ; SDS/ PAGE). All ToxR(TMD)MBP fusions are expressed at similar levels ( Fig. 2B ) and complement malE (data not shown). The disruptive effects of single-leucine substitutions in the conserved GxxxG motifs of the TMDs of syndecan-2, syndecan-3, and syndecan-4 implicate these motifs in syndecan TMD selfassociation, in agreement with previous reports (20, 22) .
Our data for self-association in bacterial membranes (TOXCAT assay) suggest that the relative importance of the two motif glycines is different for each paralog. For syndecan-2, substitution of either motif glycine with leucine gives the same low TOXCAT dimerization signal. For syndecan-3, replacing the second glycine has a stronger effect than replacing the first, whereas the reverse is true for syndecan-4. By contrast, for the fusion proteins in detergent micelles as detected by SDS/PAGE, all substitutions at the second glycine have a more disruptive effect on dimerization than those at the first glycine.
Certain Syndecan TMDs Form Strong Heterooligomers in Detergent.
The role of the GxxxG motif in homodimerization of the TMDs of syndecans 2, 3, and 4 led us to wonder whether the syndecan TMDs might be able to make heterotypic and homotypic interactions. Such interactions could increase the diversity of syndecan complexes in cells where more than one syndecan is expressed. We tested this idea in detergent micelles by mixing the purified SN/TMD fusion proteins with each TMD peptide and resolving the mixtures by using SDS/PAGE (Fig. 3) . We infer the formation of protein/peptide complexes from species that migrate at molecular masses distinct from those of the proteins alone (25, 29) . Each SNase fusion construct forms heteromeric complexes with TMD peptides, but not all potential partners interact to the same degree. The SNSyn1 fusion construct, which self-associates weakly and does not interact with syndecan-1 TMD peptide (syn1pep), forms moderate levels of heterodimer with the syndecan-2 TMD peptide (syn2pep). SNSyn1 forms heterotrimers that contain two copies of the syndecan-3 TMD peptide (syn3pep), but no interaction is detected with the syndecan-4 TMD peptide (syn4pep).
Mixing the SNase fusions pairwise with each of the four syndecan TMD peptides reveals a set of heterotypic interactions (Fig. 3 ) that are summarized in Table 1 by using the scale: Ϫ, no interaction; ϩ, detectable interaction; ϩϩ, moderate interaction; ϩϩϩ, strong interaction; ϩϩϩϩ, very strong interaction. SNSyn2, SNSyn3, and SNSyn4 interact with syn1pep to give complexes similar to those seen when SNSyn1 is mixed with syn2pep, syn3pep, and syn4pep. SNSyn2 and syn1pep form moderate levels of heterodimer, SNSyn3 and syn1pep form heterotrimers with two copies of SNSyn3 and one syn1pep, and SNSyn4 does not interact with syn1pep. SNSyn2, SNSyn3, and SNSyn4 each form strong heterodimers with any of syn2pep, syn3pep, or syn4pep. Higher-order species are also formed if SNSyn3 or syn3pep are involved, but as indicated previously, the biological significance of these higher-order complexes is not clear. In all instances, however, analogous heteromeric complexes form regardless of whether the partners are present as peptides or fusion proteins. The resulting symmetry of Table 1 about the diagonal demonstrates that the peptide competition assay is not strongly influenced by the presence of the SNase domain and indicates that the complexes resolved on SDS/PAGE arise from intrinsic oligomerization properties of the TMD sequences. The interactions of various syndecan SNase fusions with self-peptides (Fig. 3) parallel the earlier TOXCAT and SDS/PAGE homodimerization tendencies (Fig. 1) , lending additional confidence to our interpretation of results from this peptide competition assay. Together, these peptide competition experiments show that the syndecan paralog TMDs support heteromeric interactions of different strengths and stoichiometries. Homodimerization scores (bold) are the consensus from bacterial membranes, SDS/PAGE, and peptide competition. Heterodimerization scores are from peptide competition only; rows identify the SN/TMD protein, and columns correspond to the added peptide. The score Ϫ/ϩϩ indicates no heterodimer but moderate heterotrimer.
Heteromeric Interactions Between Syndecan TMDs Depend on the
GxxxG Motifs. To determine the importance of the conserved GxxxG motifs to the formation of heteromeric TMD complexes, we mixed wild-type TMD peptides for each syndecan paralog with SNase TMD fusions carrying glycine-to-leucine mutations. Fig. 4 shows the effects on heterooligomerization of replacing either glycine in the GxxxG motif with leucine. For the SNSyn1 fusion protein, either glycine-to-leucine substitution completely abolishes interaction with syn2pep or syn3pep. For the other syndecan fusions, replacing the second glycine of the motif with leucine completely abolishes interaction with any syndecan peptide, whereas replacing the first glycine abolishes interaction with syn1pep and significantly lowers interaction with peptides from syndecans 2, 3, and 4. Thus, the relative importance of the glycines to heteromeric association parallels the relative importance of these same glycines to homodimerization (Fig. 2) .
Discussion
The ability of the TMD to drive detergent-resistant oligomerization of syndecan-3 (22) has led to the expectation that all syndecans self-associate strongly through their TMDs (7, (17) (18) (19) 35) . Given the 48-72% pairwise sequence identity between paralog TMDs and the strict conservation of a GxxxG dimerization motif, it might seem that all syndecan TMDs would support the same interactions. In contrast with this prediction, our findings show that the syndecan paralog TMDs exhibit a graded tendency to homodimerize and that each paralog TMD is capable of a distinct set of heteromeric interactions (see Table   1 ). The syndecan-1 and syndecan-2 TMDs are at opposite ends of our scale for homodimerization, with syndecan-1 showing little tendency to self-associate, and syndecan-2 dimerizing more tightly than the well characterized protein GpA. Although syndecan-3 and syndecan-4 both show intermediate levels of homodimerization, they make different heteromeric interactions: syndecan-3 binds to syndecan-1 but syndecan-4 does not. Although the syndecan-1 TMD exhibits selectivity in binding syndecan-2 and syndecan-3 but not itself or syndecan-4, the three paralog TMDs that homodimerize strongly all form heterooligomers with one another. Measuring these effects in the absence of the extracellular or cytoplasmic domains demonstrates the wide range of stabilities and interaction selectivities that can be attributed to the TMDs alone.
The biological significance of these differences in paralog TMD oligomerization behavior is supported by the strong sequence conservation of syndecan TMDs across species: although human syndecan-2 TMD shares 48-72% sequence identity with other human syndecan TMDs, it is 100% identical to the TMDs of mouse, chicken, and zebrafish syndecan-2. Indeed, the high sequence conservation across species for the TMDs is comparable with the conservation seen across species for the syndecan cytoplasmic variable (V) regions (35) , which are unique to each paralog and can support paralog-specific interactions (36) . We propose that the conservation of TMD sequence across species is caused by evolutionary pressures that arise from distinct functional roles for TMD interactions of each syndecan paralog. The very strong association of the syndecan-2 TMD could drive constitutive dimerization of the full-length protein, whereas the weaker self-association tendency of the syndecan-4 TMD should allow dimerization to be modulated by phosphorylation of (37) and phosphatidylinositol biphosphate (PIP 2 ) binding to (38) the cytosolic domain. The syndecan-3 TMD should support strong dimerization (and perhaps higherorder interactions) of the native protein, whereas the weak self-association of the syndecan-1 TMD in our assays suggests that homodimerization of the full-length protein would require a high effective concentration in the membrane (absent additional interaction partners). It is intriguing to consider that the GxxxG motif in syndecan-1, which does not confer strong homodimerization, may be evolutionarily conserved because of the functional significance of heterodimerization with syndecan-2 or syndecan-3.
More generally, syndecan TMD homoassociations and heteroassociations could help drive or block the formation of functional complexes depending on which paralogs are expressed, their relative abundance, and the availability of other effectors. Syndecan-3 and syndecan-4, the only paralogs detected in adult mouse skeletal muscle, are expressed in quiescent satellite cells (39) . Wild-type satellite cells respond to basic fibroblast growth factor by phosphorylating extracellular signalregulated kinases (ERK1/2), whereas explanted syndecan-4-null satellite cells do not activate ERK1/2 under these conditions (40), consistent with a role for syndecan-4 dimers in receptor tyrosine kinase signal transduction and/or activating protein kinase C (36, 37) . Interestingly, explanted syndecan-3-null cells activate ERK1/2 more extensively than wild-type satellite cells. We suggest that this increased ERK1/2 phosphorylation could result from the relief of TMD-mediated syndecan-3 inhibition of syndecan-4 signaling: in wild-type cells, syndecan-3 and syndecan-4 could form heteromeric complexes that are less active than syndecan-4 dimers, whereas in syndecan-3-null cells nothing would interfere with syndecan-4 homodimerization. The divergence of syndecan-3 and syndecan-4 expression patterns during regeneration of wild-type muscle followed by strict coexpression in quiescent satellite cells (40) could similarly alter the availability of syndecan-4 dimers in proliferating and differentiating cells after injury. Interaction of the syndecan-3 cyto- (38) , syndesmos (42), or ␣-actinin (43) could also modulate homooligomerization and heterooligomerization. Given that syndecan-4 is thought to be expressed more ubiquitously than other syndecans but at lower levels (7), this type of regulation could occur in many different cell types.
The fusion protein approaches reported here demonstrate that the syndecan TMDs drive paralog-specific homomeric and heteromeric interactions in the absence of any other syndecan domains. Further experiments must be done to address the extent to which TMDs can drive homodimerization or heterodimerization in the context of the full-length proteins in vivo. Just as some TMD interactions might cooperate with stabilizing contacts made by other domains of the native proteins, other TMD complexes might be disfavored because of steric hindrance. If steric interactions between the large syndecan ectodomains tend to prevent TMD association (perhaps especially the formation of higher-order complexes), then protease-mediated shedding of ectodomains (6) could actually enhance the ability of the liberated TMDs to interact with other full-length proteins.
The physical basis for the stability and specificity of the interactions described here is not entirely clear. Our data show that GxxxG motifs play a critical role in syndecan TMD association, and by analogy to the structure of the GpA TMD dimer (44) we expect that the motif glycines permit close packing of syndecan transmembrane helices and possibly intermonomer C␣-H ⅐⅐⅐ O hydrogen bond formation (45) . The weak homodimerization of syndecan-1 in our assays nevertheless demonstrates that a GxxxG motif is not sufficient for robust self-association of syndecan TMDs: residues outside the motif must contribute to stability. The disruptive effects of a single glycine-to-leucine mutation in either partner of a heteromeric TMD complex, at either motif glycine, demonstrates the importance of GxxxG motifs (including that of syndecan-1) to heterodimerization. However, syndecan-1 does not interact with syndecan-4, even though the syndecan-4 TMD contains a GxxxG motif and is 78% identical to the tightly interacting syndecan-2 TMD. This selectivity of syndecan-1 heteromeric interactions shows that residues outside of the GxxxG must contribute to specificity. The role of sequence context in stabilizing helix-helix interactions mediated by a GxxxG motif has been studied quantitatively by Fleming and colleagues (46) , who showed that single point mutations that leave the native GxxxG motif of GpA intact can modulate the free energy of dimerization in detergent micelles by Ϫ0.5 to ϩ3.2 kcal⅐mol Ϫ1 . We propose that the GxxxG motif permits close approach of syndecan transmembrane helices, but that the residues that flank the motif give rise to the distinct association properties of the four paralog TMDs. The strong sequence conservation across syndecan ortholog TMDs thus probably reflects the conservation of paralog-specific TMD interaction propensities. We expect that the close correspondence between measures of syndecan TMD dimerization from membranes and detergents, which has also been seen for GpA (47) , will facilitate biochemical and structural investigations of syndecan TMD complex formation.
Functional roles for TMD interactions have also been identified in both integrin and ErbB signal transduction. The ␣ IIb integrin TMD self-associates by using a GxxxG motif (48) , sequence changes that modulate integrin TMD interactions influence activation of the ␣ IIb ␤ 3 integrin complex (49) , and designed TMD peptides that interact specifically with ␣ IIb or ␣ v integrin TMDs selectively activate either ␣ IIb ␤ 3 or ␣ v ␤ 3 integrin signaling when added to platelets (50) . The TMDs of the four ErbB receptors show moderate to strong levels of selfassociation in bacterial membranes that depend on motifs of small amino acids separated by three residues (51) . No significant homodimerization of SN/erbB fusions is detected on SDS/ PAGE or by sedimentation equilibrium in the detergent n-octyl pentaethylene glycol monoether (52) , but a hierarchy of homomeric and heteromeric interactions has been identified for ErbB TMD peptides in low concentrations of the detergent lauryl dimethyl ammonium oxide (53) , and these interactions may contribute to the stability of heteromeric ErbB signaling complexes (54) . Signaling by receptor tyrosine kinases that lack GxxxG motifs has also been linked to TMD interactions: a mutation in the TMD of FGFR3 that gives rise to pathologies, including bladder cancer (55) , enhances the weak homodimerization of the isolated wild-type TMD (56) . For all of these systems, the ability of TMD interactions to influence the association states of the full-length proteins would be expected to depend on the intrinsic affinities of the TMDs for one another and on the effective concentrations of these species in cell membranes or membrane domains. We anticipate that the strong and specific interactions that we report here between syndecan TMDs will be found to contribute to interactions among the native proteins and to syndecan-dependent signal transduction.
Methods
Vectors and Constructs. The parental TOXCAT construct, pccKAN, and derivatives carrying the GpA TMD (pccGpA) and a disruptive GpA mutant (pccGpA-G83I) have been described (24) . DNA fragments coding for residues 252-272 of syndecan-1 [National Center for Biotechnology Information (NCBI) code gi:55749480], residues 145-166 of syndecan-2 [gi:39644970], residues 385-406 of syndecan-3 (NCBI code gi:57222247), and residues 146 -167 of syndecan-4 (NCBI code gi:38201675), were generated by PCR amplification and ligated in-frame to the NheI and BamHI sites of pccKAN to generate the ToxR(TMD)MBP fusions. DNA fragments corresponding to residues 241-287 of human syndecan-1, residues 134 -175 of syndecan-2, residues 376 -418 of syndecan-3, and residues 135-176 of syndecan-4 were produced by PCR amplification and ligated in-frame to the ApaI/BamHI sites of the pT7SN/GpA vector (25) to generate plasmids encoding the SNase/TMD fusions.
Site-Directed Mutagenesis. Mutagenesis was performed by using the QuikChange kit (Stratagene). All mutations were confirmed by automated sequencing.
TOXCAT Assay. A colorimetric assay (57) was used to detect CAT activity in lysates prepared from aliquots of 3.0 OD 420 of NT326 cells as described (29) .
MalE Complementation. E. coli NT326 cells expressing ToxR(TMD)MBP constructs were grown overnight in liquid M9 minimal medium containing 0.4% glucose, washed, and streaked onto M9 plates containing 0.4% maltose as the only carbon source. Plates were incubated for 2-3 days at 37°C and imaged with an Alpha Innotech FluoroChem 5500 digital camera system. Proteinase K digestion of NT326 spheroplasts (51) confirms that the fusion proteins expose their MBP domains to the periplasm (data not shown).
Expression and Purification of SNase Fusion Proteins. Plasmids coding for
SNase/syndecan-TMD fusion proteins (or mutants) were transformed into BL21(DE3) cells and plated onto LB plates (with 50 g/ml ampicillin). Colonies were inoculated into LB medium (with 50 g/ml carbenicillin), grown to A420 Ϸ0.2, and stored as glycerol stocks at Ϫ80°C. Expression and purification of the fusion proteins was performed as described (58) .
Syndecan TMD Peptides. Syndecan TMD peptides were produced by overnight trypsin digest (1:40 weight ratio) of the purified SNase/TMD fusions. Soluble tryptic fragments were removed by dialysis against buffer containing 20 mM Tris (pH 8.0), 2 mM EDTA, 0.1 M NH4OAc, and 0.2% Thesit. Peptides were purified by RP-HPLC, and the identities of syn1pep (4,976.4 Da; 47 residues), syn2pep (4,577.6 Da; 40 residues), syn3pep (4,689.9 Da; 42 residues), and syn4pep (4,714.1 Da; 42 residues) were confirmed by MALDI-TOF mass spectroscopy.
SDS/PAGE of SN/TMD Fusion Proteins. Protein (0.3 mg/ml; 14 M) in SDS/PAGE sample buffer (with 2% SDS) was heated to 90°C for 5 min, resolved on 15% polyacrylamide gels (Bio-Rad) with running buffer containing 0.2% SDS, and visualized by Coomassie blue staining. Band intensities were quantified by using an Alpha Innotech gel documentation system.
